INTRODUCTION
Wide-field, multi-object spectroscopy (MOS) has revolutionized our understanding of cosmology, galaxy evolution and Galactic structure. Historically, most large MOS campaigns have used target lists that are defined well in advance of the MOS observing campaign. Examples include galaxy redshift surveys that are designed to measure large scale structure, such as SDSS (York et al. 2000) , 2dFGRS (Colless et al. 2001) , 2SLAQ (Cannon et al. 2006) , WiggleZ (Drinkwater et al. 2010) , BOSS (Dawson et al. 2013) , VIPERS (Scodeggio et al. 2016 ) and 2dFLenS (Blake et al. 2016) ; galaxy surveys that are designed to measure the detailed physical properties of galaxies, such as SDSS (York et al. 2000) and GAMA (Driver et al. 2011) ; and surveys that are designed to trace the build-up of stellar mass in the Galaxy, such as the GALAH survey (De Silva et al. 2015) .
In the modern era of large surveys, this observing strategy is being supplemented by ones that incorporate dynamic target selection. In these surveys, target selection is done shortly before the observation, thus allowing transients to be observed soon after they are discovered. This model for MOS surveys is being pioneered by the OzDES survey (Yuan et al. 2015) , which is obtaining spectra and redshifts for the Dark Energy Survey (DES; Flaugher 2005) . Such a strategy will become standard for future facilities with large, rapidly reconfigurable fiber positioners, such as 4MOST (de Jong et al. 2012) , the Subaru Prime Focus Spectrograph (PFS; Sugai et al. 2012; Takada et al. 2014) , the Dark Energy Spectroscopic Instrument (Aghamousa et al. 2016) , and the Mauna Kea Spectroscopic Explorer (MSE; Simons et al. 2014; McConnachie et al. 2014 ), all of which will conduct numerous parallel spectroscopic programs including some related to dynamic targets discovered by LSST (Tyson 2002; LSST Science Collaboration et al. 2009a ).
This paper presents results from the first three years of the OzDES survey, and describes the first OzDES data release. The detailed survey description and results from the first year are presented in Yuan et al. (2015) . Briefly, the science objectives of OzDES include obtaining supernova (SN) host-galaxy redshifts for cosmology (e.g., Bazin et al. 2011; Campbell et al. 2013 ), spectroscopically classifying active transients, monitoring a sample of active galactic nuclei (AGN) for reverberation mapping (RM -see e.g., Bentz et al. 2009; King et al. 2015) and potentially for cosmology (Watson et al. 2011; King et al. 2014) , securing redshifts for a wide variety of galaxies to be used for photometric redshift training (e.g., Sánchez et al. 2014; Bonnett et al. 2016) , including a large sample of luminous red galaxies (LRGs; Banerji et al. 2015) , and using redshifts of selected galaxies to confirm their membership in clusters (e.g., Rozo et al. 2016; Rykoff et al. 2016) . OzDES has already produced several discoveries, including spectroscopy of hundreds of active transients, many new QSOs (Tie et al. 2017) , and the first FeLoBAL QSO in a post-starburst galaxy (Mudd et al. 2016 ).
Here we focus on the main outcomes from the first three years of observations, which have comprised just over half of the allocated observing time for OzDES. This paper also marks the first public release of redshifts secured by OzDES, which consists of 14,693 redshifts from a wide variety of target classes (we note the SN host-galaxy redshifts will be released in conjunction with future DES supernova analyses). We anticipate future data releases from OzDES to include a final redshift catalogue to be released shortly after the conclusion of the survey, and an anticipated final release including the OzDES spectra some time after that. This paper is organised as follows: Section 2 presents the operational details for the second and third years of OzDES observations, including a full accounting of fibre allocation. Section 3 describes the redshift success rates for OzDES for various target types as a function of magnitude and spectrum signal-to-noise. The first OzDES data release is then described in Section 4. In Section 5, we examine how signal-to-noise depends on exposure time, and in Section 6, we discuss the prospects for the full OzDES survey and future multi-object spectroscopy surveys. Finally, we present concluding remarks in Section 7.
OZDES OPERATIONS FOR YEARS AND 3
In this Section, we describe several key aspects of the operational strategy for the second and third years of OzDES observing (the c 0000 RAS analogous information for first year operations was presented in Yuan et al. 2015) . Section 2.1 describes the instrument setup, calibration strategy, and general observing log. Section 2.2 describes the data reduction procedures, with a particular emphasis on upgrades from the first year of OzDES operations. Finally, Section 2.3 presents the allocation of 2dF fibres to the various OzDES target types.
Throughout this paper we will use the notation Y1/Y2/Y3 to denote the first/second/third years of OzDES operations, respectively. Y1 corresponds to semester B of 2013 (i.e. August 2013 to January 2014) and includes data that were taken during a couple of science verification runs at the end semester B in 2012, Y2 to semester B of 2014, and Y3 to semester B of 2015. These correspond to the same operational years for the Dark Energy Survey (DES).
Instrument Setup and Calibration Strategy
OzDES utilises the AAOmega spectrograph with the 2dF robotic fibre positioner on the 3.9-metre Anglo-Australian Telescope (AAT) at Siding Spring Observatory in Australia to target the 10 DES supernova fields, which cover a total area of 27 sq. degrees. The coordinates of the fields are listed in Table 1 of Yuan et al. (2015) .
AAOmega consists of red and blue arms that are split by a dichroic. We used the x5700 dichroic, which splits the arms at 5700Å. In the blue arm, we used the 580V grating centred at 4800Å in Y1 and Y2, but in Y3 we shifted the central wavelength by 20Å to 4820Å to provide larger overlap between the red and blue arms of the spectrograph. In the red arm, we used the 385R grating centred at 7250Å. This setup provides continuous wavelength coverage from ∼ 3700Å to ∼ 8800Å. The overlap between the red and blue arms is typically ∼ 40Å (∼ 60Å for Y3), although this depends on fibre location due to the different spectral curvature of the red and blue gratings.
The 2dF robotic positioner can place up to 392 science fibres and 8 guide fibres within a 2.1 degree diameter patrol field. The patrol field of 2dF matches closely the field of view of the DECam imager (Flaugher et al. 2015) on the CTIO 4m Blanco telescope (see Fig. 1 in Yuan et al. 2015) .
Between Y1 and Y2, the CCDs in the red and blue arms of AAOmega were replaced. The new CCD in the blue arm has superior quantum efficiency and has far fewer cosmetic defects (Brough et al. 2014) . Bias and dark frames are used to remove these defects in the old CCD, but these frames are no longer needed for the new CCD (though we continue to take a set of dark and bias frames during each observing run to confirm this). The new CCD in the red arm is thicker than the previous one, and has less fringing at redder wavelengths. The thicker CCD also has higher quantum efficiency than the older CCD, especially beyond ∼ 8800Å, but is affected more by cosmic rays.
The AAOmega data calibration strategy for Y1 of OzDES is described in Yuan et al. (2015) . Beginning in Y2, we made a number of changes. In addition to taking flat fields using the flaps that fold in front of the 2dF corrector (called flap flats), we took flat fields using an illuminated section of the dome wind-screen (called dome flats). Dome flats were taken once per run for each plate 1 , and are used to correct for the wavelength dependent throughput differences between fibres that are not corrected by flap flats. Applying these corrections (often termed an illumination correction) to the flap flats leads to better sky subtraction, especially when the sky background is high due to the presence of the moon. As with Y1, the flap flats are used to determine the location of the fibres on the CCD and to measure the fibre profiles. For OzDES Y2 and Y3 observations, we also modified the Fstar input catalogue. F-stars are used to derive sensitivity functions and to monitor throughput, which mostly depends on seeing and the presence of clouds. They can also be used to define a zeropoint that can be used to scale spectra from multiple observations before combining them. Instead of observing stars as faint as mr = 20 mag, as we did in Y1, we restricted the F-stars to the magnitude range 17 < mr < 18 mag, as we found that fainter stars were too faint to reliably determine the sensitivity functions and to monitor throughput. The magnitude reported here and throughout the paper is the r-band magnitude 2 within a 2 ′′ diameter aperture on the DES images. The diameter of the aperture best matches the diameter of the 2dF fibres projected onto the sky.
The observing log for Y2 of OzDES is presented in Table A1 , and for Y3 in Table A2 . In 2014, OzDES began collaborating with a new AAT observing program 2dFLenS (Blake et al. 2016) , which conducted an extragalactic redshift survey of targets that were more than 3 magnitudes brighter than the typical OzDES target. The shorter exposure time needed by 2dFLenS allowed for better allocation of short observing windows around the longer OzDES exposures, as well as more flexibility in scheduling observations at favorable airmasses. Thus a time exchange between the two surveys was employed. It also resulted in a common observing run accounting system (thus yielding non-consecutive run numbers for OzDES observing runs).
Y2 (Y3) of OzDES was allocated 16 (20) nights on the AAT, of which 5.5 (4.4) nights were lost to weather or instrument failure. A further 3.5 (0.7) nights were operational but under adverse weather conditions and were dedicated, in part, to the bright target backup program (see Section 2.3). The remaining 8.0 (14.9) nights were observed under ideal conditions and fully dedicated to the main OzDES program. Y1 had a total of 14 nights, 4.0 of which were lost to weather or instrument failure, with the remainder (10.0 nights) dedicated to the OzDES main program. Further OzDES observing beyond Y3 consists of 20 nights each year on the AAT in the second semesters of 2016 (Y4 -just concluded) and 2017 (Y5), with a final allocation of 12 nights in the second semester of 2018 (Y6).
Data Reduction
The processing of the raw data is described in detail in Yuan et al. (2015) . Here we briefly summarize the main steps. Each observation consists of one or more exposures of the field, an arc frame, and two fibre flats. To get sufficient counts in the fibre flats for both arms, one requires two exposures with different exposure times. The fibre flats are used to locate and trace the spectra on the CCDs (the so-called tram line maps), and the arcs are used to set the wavelength scale.
For each exposure, the overscan region is used to remove the bias, and for data taken with the old blue CCD in Y1 only, bias and dark frames are used to reduce the impact of cosmetic defects (see Sec. 2.1). The one-dimensional spectra are then extracted using the tram line maps to guide the extraction and then resampled to a common wavelength scale. An important processing step is the removal of the coherent residuals that remain after subtracting a spectrum of the night sky 3 (Sharp & Parkinson 2010) . Without this step, the residuals impede the identification of real spectral features.
We used a modified copy of version 6.2 of 2dFDR (Croom et al. 2004 ) to process the data from AAOmega. Both the data from Y1, which had used an earlier version of 2dFDR, and the data from Y2+Y3 have been processed consistently with the newer version.
The publicly available version of 2dFDR improves on the earlier version of 2dFDR used in Yuan et al. (2015) in a number of ways. Tram line maps (the location of the spectra on the detectors) are more precise, and one can now simultaneously fit a model of the background scattered light together with the flux in the fibres for each column of the detector. The scattered light is modeled with splines and the fibre profiles are modeled with Gaussians. The widths of the Gaussians and their locations are determined from the flat fields.
The publicly available version of 2dFDR was modified in several key areas:
• Using PyCosmic (Husemann et al. 2012 ) instead of LACosmic (van Dokkum 2001) to locate pixels affected by cosmic rays. These pixels are marked as bad and are removed from further analysis.
• Using singular value decomposition (SVD) when the leastsquares solution fails to produce an adequate solution to the matrix equation that is used to optimally extract the flux in the fibres (see Sharp & Birchall 2010, for details) . On average, we use SVD instead of least squares once every 200 columns. Without this modification, the data in these columns would have been treated as bad and not used.
• Average over 10 columns when fitting the fibre profile for low signal-to-noise regions in the flat fields. This is most severe in the blue end of the spectral range. This results in more accurate measurement of the fibre profile, which leads to more accurate extraction of the flux from the spectra.
3 The spectrum of the night sky is determined from the 25 sky fibres that are distributed across the 2dF field-of-view.
• Applying an illumination correction to the flap flats using the dome flats, which, as noted above, leads to better sky subtraction.
• Applying a different set of sensitivity functions for the instrument before and after the upgrade of the CCDs.
Once the data from the red and blue arms have been processed with 2dFDR, we merge the red and blue spectra into a single spectrum. Since some targets are observed over multiple nights and can appear in more than one field (because of field overlap) we sum all the data on a single target into one spectrum, first scaling each spectrum (the variance is scaled by the square of this scaling) and then weighting by the inverse of the variance in the sum. We scale the spectrum with either the inverse of the median value of the spectrum or the inverse of 0.1 times the square root of the median of the variance, whichever turns out to be the smallest. This accounts for cases in which the median flux is close to zero, which would result in very large scale factors. The 0.1 factor was chosen after some experimentation. We plan to revisit this choice for the next data release.
While the processing has improved, there is still room for further improvement. In particular, one can sometimes see a discontinuity in the spectra near the wavelength where the dichroic splits the two arms of the spectrograph. This is largely due to errors in sky subtraction and is caused by a combination of a residual background (sometimes caused by the wings of a bright star 4 ), and poor spectral uniformity in the flap flats (mostly affects Y1 data when dome flats were not taken). The accuracy of the sky subtraction, which is assessed by examining how well the continuum of the sky is removed from the sky fibres, is about 1% in the best cases and 6% in the worst cases.
We are investigating techniques to further improve the processing. In addition to removing the spectral inhomogeneity in the Y1 flap flats and improving the modeling of the background, we are experimenting with more complex fibre profiles. In detail, the fibre profile is not Gaussian. The core of the profile is more boxy than a Gaussian and there are broad exponential wings. We anticipate that these improvements will be available before the end of OzDES. 
OzDES Target Allocations for Y2 and Y3
The target selection procedure and primary target classes for OzDES were described in detail in Section 3.2 and 3.3 of Yuan et al. (2015) , respectively. A number of changes, which are described in detail below, were implemented for Y2+Y3. Fibre observing time allocations for Y1+Y2+Y3 of OzDES are summarised in Table 1 , and presented in Figure 1 . The OzDES active galactic nuclei (AGN) reverberation mapping (RM) project (King et al. 2015) transitioned from Y1 operations of identifying AGN suitable for RM followup to Y2 operations of actively monitoring AGN selected in Y1. This decreased the fraction of fibres allocated to AGN, as the Y1 target selection program had concluded. OzDES now has a core sample of 771 AGN that are monitored for the RM program across all 10 DES-SN fields, which should consistently account for 25% of fibre allocations for the remainder of the project.
The allocation of fibres to supernova host-galaxies 5 nearly doubled from Y1 to Y2, and increased a comparable amount between Y2 and Y3. This is a consequence of both the increase in number of confident prior SN candidates from DES and an extension of the SN host magnitude limit to include fainter hosts (down to mr = 24.0 mag). The increase of DES Y1 SN candidates is partly due to an improved reprocessing of the DES Y1 imaging data (Kessler et al. 2015) yielding several hundred new SN candidates with hosts to be targeted by OzDES.
In the first year of OzDES observing, we found that adverse observing conditions (i.e. poor seeing or significant extinction) resulted in low redshift success rates (of order 10%). Thus at the end of Y1 we implemented a poor weather backup program comprised primarily of a new "bright galaxy" target class, consisting of galaxies with integrated magnitude of 18 ∼ < mr ∼ < 19.5 mag identified in DES imaging but not tied to an existing DES spectroscopic followup program. The goal of this program is to maximise the scientific utility of data taken with OzDES even in adverse conditions by expanding the extragalactic redshift catalogues in the DES SN fields, many of which have significant archival imaging data across the electromagnetic spectrum. Such a program will help with photo-z calibration and SN lensing measurements. The bright program was triggered at the discretion of the observers, and was typically triggered when the seeing was worse than 3 ′′ , or there was significant cloud cover. An important consideration in making the decision to switch to the backup program is the 40-minute configuration time for a 2dF plate, meaning the decision to switch to the bright program would have at least a 40-minute delay before implementation.
OzDES target selection procedures were modified for emission line galaxies (ELGs) and luminous red galaxies (LRGs) in Y2 and Y3. After Y1, it became apparent that we would not be able to obtain 10,000 redshifts for ELGs and 10,000 redshifts for LRGs with the number of spare fibres available during the survey. Therefore, after Y1, ELGs were no longer targeted for photometric redshift training, releasing a large fraction of fibres. Accordingly, the fraction of fibres allocated to LRGs increased, as these LRGs were of equal priority in the target selection algorithm to the ELGs that were removed (see Section 3.2 of Yuan et al. 2015 , for details). The follow-up of ELGs in the DES fields was continued at other facilities.
After Y1, OzDES also began targeting galaxies selected with the redMaGiC (Rozo et al. 2016 ) algorithm, which selects LRG galaxies with accurate and unbiased photometric redshifts. These galaxies are being used in large scale structure and weak lensing studies in DES. RedMaGiC galaxies are counted as LRGs in Table  1 and Fig. 1 . We also targeted Brightest Cluster Galaxies (BCGs) from the SpARCS catalogue (Webb et al. 2015) , tertiary calibration stars in the DES supernova fields, host-galaxies of exotic transients from SNLS (following Lidman et al. 2013) , and faint QSOs in the S1 and S2 fields (those which overlap with SDSS Stripe 82).
Finally, the sample of radio-galaxies in Y2 and Y3 was extended to galaxies with lower radio luminosities. Many of these galaxies tend to be relatively bright nearby star-forming galaxies. This leads to brighter galaxies being targeted in Y2+Y3 than in Y1, as can be seen in the bottom left hand plot of Figure 2 .
REDSHIFT RESULTS FROM THE FIRST THREE YEARS OF OZDES

Redshift Outcomes
For Y1 and Y2, redshifts were obtained using the RUNZ redshifting software, which was developed by Will Sutherland for the 2dF Galaxy Redshift Survey. In Y3, we switched to Marz 6 (Hinton et al. 2016) , after first verifying that the redshifts from RUNZ and Marz were the same.
Marz is an open-source, clientbased, web-application that provides most of the functionalities of RUNZ as well as new features, but none of the difficulties associated with installing and compiling RUNZ.
As for Y1, each source was inspected by two redshifters. A third redshifter inspected their work to resolve conflicting assignments and merge the results.
At the conclusion of Y3, OzDES has obtained spectra for a total of 28,504 targets yielding 17,893 successful redshifts (a successful redshift has Q ≥ 3, see Section 3.2). Table 2 presents the number of redshifts for each target type at the end of each of the first three years of OzDES. We note that some targets are triggered for spectroscopy by multiple DES science working groups. Over multiple runs, an object that was tagged with a certain type (e.g. Photo-z or ELG) in an earlier run may have been tagged in a later run with another type (e.g. SN host) and reobserved. This is one reason why the number of objects with redshifts can drop from one year to the next, as is the case for ELGs between Y2 and Y3. The number can also change if the data were reprocessed and re-analysed between the OzDES observing seasons.
The number of observing nights increased progressively from Y1 to Y3 (as did the fibre-hours on sky, see Table 1 ), but the redshift success rate slowed over this period. The change in the redshift success rate is due to an increase in the relative number of fainter objects being targeted, as brighter targets require less exposure time to obtain redshifts and are thus removed from the OzDES target pool earlier. Figure 2 presents the magnitude distributions of several target classes, separated by redshift status: all targeted objects (open histograms), all objects with secure redshifts for Y1-Y3 combined (filled coloured histograms), and those with redshifts obtained in Y1 of OzDES (filled grey histograms). We also show the redshift completeness versus r-band magnitude for these target classes. The redshift success rate shows a characteristic trend with magnitude for most target types, where we have a high likelihood of obtaining a redshift for targets brighter than mr = 21 mag in a single observation. As we will show below, this is driven by signalto-noise. Fainter objects, which continue to be targeted, are steadily accumulating the necessary signal-to-noise to obtain a redshift.
In Fig. 3 , we show redshift distributions for the five object classes shown in Fig. 2 as well as for AGN. The SN hosts extend up to z ∼ 1.2. At this redshift the [OII] λ3727 doublet is close to the red end of the spectral range covered by OzDES spectra. In principle, one could push to higher redshifts by changing the wavelength settings of AAOmega, but this comes at the expense of losing coverage in the blue, which would have an impact in the number of redshifts that are obtained for objects at lower redshifts. The AGN sample is intrinsically brighter and thus extends to much higher redshifts -this sample consist of objects that are part of the AGN reverberation mapping programme, additional AGN that were screened during Y1, and faint QSOs that are observed in the S1 and S2 fields.
Conditions for Redshift Success
We examine the likelihood of securing a redshift, first as a function of signal-to-noise ratio, and then as a function of magnitude. In Sec. 6, we'll use these likelihoods to compute the likely yield of SN host redshifts by the end of the survey.
OzDES assigns a redshift quality flag to each redshift. These values are described in detail in Yuan et al. (2015) , but are summarised below:
• Q = 4, redshift based on multiple strong spectroscopic features matched, > 99% confidence.
• Q = 3, redshift based typically on a single strong spectroscopic feature or multiple weak features, 95% confidence.
• Q = 2, potential redshift associated with typically a single weak feature, low confidence.
• Q = 1, no matching features, thus no constraints on redshift.
• Q = 6, securely classified star.
In Figure 4 , we plot the fraction of targets achieving a given redshift quality Q as a function of the (logarithmic) S/N for spectra. This is plotted for selected object classes, split by the three (extragalactic) Q values. These are calculated as the mean S/N perÅ in the wavelength range 6500Å ≤ λ ≤ 8500Å, which is redward of the 4000Å break for intermediate redshift (z ∼ 0.5) galaxies, and is where the throughput of AAOmega is greatest (thus this wavelength range typically dominates whether or not a successful redshift is achieved).
These redshift quality plots show that for most target categories (including those not shown here), the S/N at which the likelihood of securing a redshift (Q ≥ 3) exceeds 50% is 2 to 3 in 1-Å bins (i.e. log(S/N) ≈ 0.3). The one obvious exception to this trend is ELGs (second column of Figure 4 ) which have a flatter trend of success versus spectrum S/N -this is because the average spectrum S/N is weakly correlated with the strength of the narrow oxygen doublet responsible for most successful ELG redshifts.
In Fig. 5 , we examine how the redshift completeness changes as a function of r-band magnitude. We limit the analysis to SN hosts, as they cover a broad range of magnitudes and galaxy types, and represent the largest source of uniformly selected targets. As expected, redshift completeness increases with exposure time. We reach a completeness of over 90% for objects down to mr = 23.75 mag, which is the midpoint of the last magnitude bin in Fig. 5 . We use Fig. 5 to estimate the yield of SN host galaxies that we expect by the end of Y6 in Sec. 6.
Redshift Reliability
We now turn the question of how reliable the OzDES redshifts are, particularly for those with a redshift quality flag Q = 3, which are nominally expected to be correct 95% of the time. Fortunately, for the SN host galaxies in the OzDES sample, we did not remove these objects from the target queue once they were marked as a Q = 3 redshift, but only once a highly secure Q = 4 redshift was obtained.
We thus examined the redshift catalogs compiled at the end of each observing run to examine which SN hosts had initially achieved a successful redshift with Q = 3 but ultimately succeeded in achieving a Q = 4 redshift. Out of the 2,566 SN hosts with successful redshifts, 426 have a final quality flag of Q = 4 but previously had a Q = 3 quality flag at the end of a prior run. In Figure 6 we plot the final (Q = 4) redshift against the initial (Q = 3) redshift for these SN hosts. We define outliers as those with a redshift change of ∆z > 0.003 (note we obtain the same sample if we define this as ∆z/(1+ z) > 0.003). This provides 17 objects (out of 426) whose initial Q = 3 redshift was not consistent with its final Q = 4 redshift. This yields a redshift error rate of 4% for Q = 3 redshifts. Implicit in this calculation is the assumption of a zero redshift error rate for Q = 4 redshifts. Using objects in the overlap regions between DES fields that have been observed more than once, Yuan et al. (2015) found no inconsistent Q = 4 redshifts out of 136 objects. Hence, using a zero redshift error rate for objects with Q = 4 to derive a redshift error rate of 4% for Q = 3 redshifts is reasonable. It is similar to the error rate for Q = 3 redshifts found in Yuan et al. (2015) . We also note the RMS difference between the Q = 3 and Q = 4 redshift values is σz = 4.2 × 10 −4 , consistent with the galaxy redshift uncertainty reported in (Yuan et al. 2015) .
The number of SN hosts with an erroneous redshift will be smaller than 4%, since we only remove SN hosts from the observing queue objects once Q = 4. The ratio of the number of SN hosts with a Q = 3 redshift to the number of SN hosts with a Q = 4 redshift is 1 to 4. Hence the number of SN hosts with an erroneous redshift will be less than 1%. Note this value for redshift reliability is related to redshifts secured for the nominal SN host. The additional error of incorrectly identified hosts (shown in Gupta et al. 2016 , to be around 3%) is important for SN Ia cosmological analyses, but it beyond what we examine here.
THE FIRST OZDES REDSHIFT RELEASE
This paper marks the first release of data from the OzDES survey, which we henceforth refer to as OzDES-DR1
7 . OzDES-DR1 consists of the redshift catalogue from the first three years of observing, and includes coordinates and redshifts for all target categories in the OzDES program except supernova host galaxies. The redshifts for SN hosts will be published after the OzDES survey ends. OzDES-DR1 includes confident extragalactic redshifts (Q = 3 and Q = 4), as well as confirmed foreground Milky Way stars (Q = 6). In total, this first redshift catalogue contains 14,693 redshifts in the ten DES supernova fields.
OzDES-DR1 also includes the primary target type for each object. We note several important caveats associated with this information. First, some objects were selected for spectroscopic followup by multiple science working groups within the DES collaboration. For practical purposes, OzDES tagged each multiplyrequested object by the target category with highest (active) priority for followup (see Section 3.2 and Table 3 of Yuan et al. 2015 , for further details on the target categories and priorities). Second, we caution against interpreting the set of objects in a given category as a complete demographic sample. There are two main reasons for this: i) the selection criteria for some target types evolved during the course of the first three years, and ii) objects that were initially included early in the OzDES target list might have been deselected once a redshift became available from a recently published survey (e.g. GAMA or VIPERS).
Objects identified from DES imaging as targets for spectroscopy were first checked against a compilation of redshifts in the DES supernova fields from surveys listed in Table 3 , which also lists the target density of these surveys and the median redshift for their targets in the OzDES fields. Each DES science working group would apply different criteria to de-select objects. We note that OzDES has a higher on-sky target density than many wide-area surveys (such as 6dF, 2dFGRS, SDSS) and a similar redshift range to many deep surveys (such as ACES, PRIMUS, VIPERS, VVDS -see Figure 7 ). Comparison of OzDES-DR1 against outcomes for other major redshift surveys in the OzDES fields. The average redshift surface density of the survey is plotted against total number of redshifts in the OzDES fields, with the size of each point corresponding to the median redshift of the survey in our fields. OzDES-DR1 represents the second highest number of redshifts produced in these fields, with a surface density approaching that of surveys on larger (8m-class) telescopes. As time progresses, this point will move further up and to the right, as shown by the dotted line. 
SIGNAL-TO-NOISE BEHAVIOUR
Signal-to-noise behaviour with magnitude
In Section 3.2 we showed that, on average, we obtain a Q ≥ 3 redshift once a S/N of approximately 2 to 3 in a 1-Å bin is reached. Here, we inspect how the S/N varies with target magnitude for a fixed exposure time under uniform observing conditions. To find frames taken under similar observing conditions, we use the zeropoints for all single 40-minute OzDES exposures taken during Y2 and Y3 (the zeropoints for Y1 are less accurate). These zeropoints were calculated using the F-star catalogs for the DES-SN fields (see Yuan et al. 2015, for details) . We select all exposures whose zeropoints are within 0.1 magnitudes of a chosen value 8 , thereby selecting the frames that have been observed under a similar observing conditions. In total, 20 frames were selected. For these exposures we calculate the S/N of the individual object spectra from 6500 to 8500Å and compare them with the object r-band magnitudes in Figure 8 .
We limit the analysis to SN hosts, as they cover a broad range of magnitudes and a broad range of galaxy types. LRGs, on the other hand, cover a narrow magnitude range and a narrow range of galaxy types (see Fig. 2 ). Figure 8 illustrates that, on average, a S/N of ∼ 2 is obtained for SN hosts with mr ∼ 21.5 mag in a single 40-minute exposure under the best observing conditions. Hence, from the results presented in Sec. 3.2, we'd expect to obtain redshifts for 50% of sources with mr ∼ 21.5 mag in a single exposure.
During a single observing run, most targets are observed with 2 or 3 consecutive 40-minute exposures. Hence, during a single observing run, we'd expect to obtain redshifts for 50% of sources with mr ∼ 22 mag. In extrapolating to longer exposures, we have assumed that S/N increases as t 0.5 . We test this assumption in the next section.
Signal-to-noise accumulation with repeat exposures
OzDES uses the AAT to routinely obtain redshifts for sources as faint mr ∼ 24. Not surprisingly, obtaining redshifts for sources this faint using a 4-m class telescope requires long exposures. Some sources have been exposed for more that a day (1,440 minutes).
These long exposure times give us an opportunity to examine how the signal-to-noise ratio behaves with exposure time for exposure times that are rarely reached for fibre fed spectrographs. With no sources of systematic error, the signal-to-noise ratio should increase as t 0.5 . In OzDES, we compute the average spectrum rather than the sum, so the ideal case is that the noise in the averaged spectrum decreases with the square root of the number of exposures. In this section we examine how close we are to the ideal case.
In Figure 9 , we plot how the noise changes with exposure time. We computed the noise over the wavelength range 6610 -6750Å which is a region that is relatively free of night sky lines.
9 Each red line in this figure represents a single object. We exclude F-stars, as the noise may be biased high from real features in the spectra of these bright objects.
In this figure, there are 800 objects, each containing at least 10 good 10 exposures, from the DES C fields, which includes the deep C3 field and the two shallower C1 an C2 fields (See Yuan et al. 2015 , for a description of the DES SN fields). Quantitatively similar results are obtained with the other 7 DES SN fields. The horizontal axis represents the number of exposures converted to an exposure time by multiplying the number of exposures by 40 minutes (the exposure time of a single OzDES exposure). The vertical axis has been scaled with respect to the noise in the first exposure -hence all blue curves start with a value of one. As more exposures are added to the averaged spectrum, we expect the curves to trend downwards.
Ideally, the noise in the spectra that go into making the average is the same for all exposures. In practice this is not the case because of variations in seeing and transparency. A natural consequence of these variations is the large scatter in the behaviour of individual objects in the figure. The first exposure might have been taken in good (poor) conditions. If the following exposures were taken in worse (better) conditions, then the curves will not follow the expected trend with the number of exposures, which is represented by the black curve. Thus for this analysis we randomly shuffled the order of the spectra used in the average, and found that this helps to mitigate the impact of this variability but does not eliminate it.
The red circles trace out the median behaviour of the individual blue curves and the solid green line represents the limiting case. The solid black line is a fit 11 to the red circles using
where n is the number of exposures. For α < 0, the expression approaches β/(1+β) as n becomes large. This represents a lower limit to Eq. 1. The best fit has α = −0.6 and β = 0.1, which places the lower limit at ∼ 0.09. The 9 We obtain similar results if we had chosen a region that contains bright night sky lines. 10 Excludes frames taken when the seeing is worse than 3 ′′ and frames that were taken in cloudy conditions. 11 We include uncertainties when doing the fit, but for clarity, we do not show the error bars in Figure 9 ideal case is represented by β = 0 and α = −0.5. A fit with β set to zero results in α = −0.48, which is close to the ideal case, and is closer to the ideal case than what was found in Sharp & Parkinson (2010) , who found α = −0.32.
We tested the robustness of this result to changes in the analysis. If we used the clipped RMS instead of the normalised median absolute deviation to compute the noise in each spectrum, or if we used the zero-points that were determined from F-stars (see Sec. 2.1) to scale the spectra instead of the median flux of the spectra themselves, we found that our results did not change.
As noted above, β = 0.1 corresponds to a lower limit of ∼ 0.09. In the ideal case, where there is no lower limit, it would take 120 exposures (or 4,800 minutes) for us to reach this level. Note that none of the objects in Figure 9 have been observed for that many exposures. While one may be tempted to use 120 exposures as the criterion to drop objects, it is likely that OzDES will soon need to stop observing targets for another reason. For SN hosts, we impose a limit of 200 fibres per field per observation in order to achieve the desired overall balance of OzDES science goals (see Yuan et al. 2015 , for futher details). The other 192 fibres are assigned to other targets. After 3 years of observations, we are beginning to reach this limit for the two DES deep fields (X3 and C3). Once this limit is reached, we will need to start removing objects to allocate fibres for newer targets that have a higher chance of getting a redshift. At the time of writing, the choice of which objects to remove first has not been resolved.
FORECASTS FOR OZDES AND FUTURE SURVEYS
We use the results from the first half of the OzDES survey to forecast what will be achieved in the full survey. In this section we will focus on the outcomes for the SN host spectroscopy program within OzDES, since it is the largest source of uniformly selected targets. We estimate the final yield of OzDES SN host redshifts first, and then explore the implications our results have for future multi-object spectroscopy surveys, particularly in the era of LSST.
Forecast for full OzDES SN host redshift yield
Here we predict the likely yield of the full five-year OzDES program. To aid this analysis, we compile the cumulative number of successful SN host redshifts and the cumulative number of fibrehours allocated to SN hosts at the end of each observing run. We plot these two quantities in the upper panel of Figure 10 . The lower panel of Figure 10 shows the fractions of targets achieving redshift quality Q for each run, with the width of each run equal to the total additional fibre time spent on SN hosts.
These figures show that after the first few observing runs OzDES quickly achieved a relatively constant rate of accumulation of new redshifts, shown as the linear fit which has a slope of 0.1 SN host redshifts per fibre-hour.
12 This is consistent with a steady state of new targets added to the queue, a constant fraction of targets achieving a fully successful Q = 4 redshift, and the continued accumulation of S/N for repeat targets.
To calculate the expected SN host redshift yield for the remainder of the survey, we first must predict the likely future fibre allocation for SN hosts. In Y1-Y3, OzDES had 48 allocated observing nights plus two additional nights, of which 38.3 nights were clear (76% clear). OzDES accumulated 92,541 fibre-hours over this period, averaging about 2,400 fibre-hours per night. Applying these factors (76% clear nights 13 at 2400 fibre-hours per night) to the remaining 52 nights allocated to OzDES, we expect around 95,000 fibre-hours remain for the survey. If SN hosts are allocated 40% of the remaining fibre-hours 14 , this would result in an allocation of 38,000 fibre-hours to SN hosts in Y4, Y5 and Y6 of OzDES.
If we apply the steady-state accumulation rate of 0.1 redshifts per fibre hour to the remaining fibre-hours in the full OzDES survey, then we would expect an additional 3,800 SN host redshifts. With the 2,566 SN host redshifts already obtained, the final yield would be approximately 6,300 redshifts. However, this is an upper limit. As noted in Section 5.2, we are already approaching the limit of 200 SNe hosts per field for the two deep SN fields C3 and X3, so in the last three years of the OzDES survey, we may need to remove SN hosts for which we have been unable to get a redshift, even after 30 hours of integration.
A more detailed simulation, which includes removing targets from the queue after they have been observed for 30 hours (1800 minutes), irrespective of their status, and includes the probability of obtaining a redshift as a function of exposure time (see Fig. 5 ), results in a yield of 5,700 SN host redshifts. This is our current best estimate, but it depends on the number of clear nights we obtain during the second half of the survey.
Insights for future MOS surveys
Finally, we turn to the prospects for future MOS surveys in light of the insights gained from the first three years of OzDES. Here, we will focus on future MOS facilities that are capable of devoting some portion of their fibres toward the observation of supernova host-galaxies, particularly for SNe discovered by the Large Synoptic Survey Telescope (LSST). We will analyse the potential role these facilities could play in a parallel role for LSST as that served by OzDES for DES: classifying live transients and acquiring hostgalaxy redshifts for photometric SN classification.
We will primarily focus on three future facilities: the 4-metre Multi-Object Spectroscopic Telescope (4MOST; de Jong et al. 2012) , the Subaru Prime Focus Spectrograph (PFS; Sugai et al. 2012; Takada et al. 2014) , and the Maunakea Spectroscopic Explorer (MSE; Simons et al. 2014; McConnachie et al. 2014) . Numerous other facilities, both in existence and planned for future construction, have MOS capability and will conduct MOS surveys in the LSST era (see McConnachie et al. 2014 , for a summary). These include DESI (Levi et al. 2013 ), which will focus on obtaining galaxy redshifts for Baryon Acoustic Oscillation (BAO) science, WEAVE (Dalton et al. 2012 ), which will focus on followup of Gaia stars and LOFAR radio galaxies, and MANIFEST (Lawrence et al. 2016 ) on the Giant Magellan Telescope.
We summarise the key properties of these three facilities in Table 4 . 4MOST has similar characteristics to AAOmega in terms of wavelength coverage and telescope aperture. The ratio of the fibre size to average site seeing is also similar. For point sources, the gain from the combination of better seeing and smaller fibre size is as large as the gain one obtains from a larger telescope aperture. For constant fibre size and constant seeing, the signal-to-noise ratio goes as the aperture of the telescope under background-limited conditions. For constant aperture and a constant ratio between fibre size and site seeing, the signal-to-noise ratio for point sources goes as the inverse of the diameter of the fibre. For extended sources, the improvement will be slower. Computing the signal-to-noise ratio for extended sources requires an accurate model of the size distribution of SN host-galaxies. This is beyond the scope of the current paper, and we leave this to future work.
We expect 4MOST on VISTA will be a factor of two faster than AAOmega on the AAT at obtaining the redshift of the same object, with potential added benefits that come from higher spectral resolution, which reduces the impact from night sky lines at red wavelengths, and broader wavelength coverage. Similarly, we expect that PFS and MSE will be 15 and 23 times faster than AAOmega, respectively. Ignored in these comparisons are differences in instrument throughput, which one might expect to be better for future instruments.
Taking into account the patrol area of these instruments, the area these instruments will be able to cover in the same amount of observing time will be 2.4, 5.2 and 10 times that of the AAT, for 4MOST, PFS, and MSE, respectively.
In computing the likely number of host-galaxy redshifts from these surveys, one needs to make assumptions about the observing strategies of the MOS surveys, and the observing strategy of LSST. Under the assumption that the observing strategies of the MOS surveys are the same as OzDES and that the distribution of SN host-galaxy magnitudes from LSST is the same as DES 15 , then for a SN host-galaxy survey with 4MOST using 60,000 fibre-hours (the same number of hours OzDES will spend on hosts by the end of its survey), we would expect a yield of the order 14,000 SN host-galaxy redshifts, which is almost a factor of two larger than the expected yield from OzDES. For PSF and MSE, the numbers of redshifts are 30,000 and 57,000, respectively. Here the increase comes from being able to cover a larger area of the sky in the same observing time.
Not all supernovae with a host redshift will be placed on the Hubble diagram and used in fitting the cosmology. At the end of 3yrs, approximately 40% of DES supernova with a host redshift remain after light curve sampling and light curve quality cuts are applied. Assuming that a similar fraction are kept in future surveys, one can expect a yield of 5,600, 12,000 and 23,000 SNe Ia for 4MOST, PSF, and MSE, respectively.
However, the number of SNe Ia will be further constrained by the observing strategy of LSST. Similarly to DES, LSST will observe a number of deep fields (LSST Science Collaboration et al. 2009b) . In one realisation of the LSST survey, approximately 1,500 SNe Ia with light curves of sufficient quality in at least three filters will be obtained per year from 10 LSST deep fields. Over the 10 years that LSST will run, this comes to 15,000 SNe Ia. This then limits the number of SNe Ia that can be placed on the Hubble diagram from an OzDES-sized survey using MSE.
As further details on the observing strategies of LSST and future MOS facilities emerge, the results from OzDES will make it possible to provide more precise estimates of the yields of these upcoming facilities.
CONCLUSIONS
In this work, we presented the results of the first three years of OzDES, a spectroscopic survey obtaining redshifts in the 10 DES SN fields. Over 52 observing nights on the AAT, OzDES has obtained 17,893 redshifts in the DES supernova fields. These include a wide variety of targets, such as supernova host-galaxies, AGN, LRGs, radio galaxies, and numerous photometric redshift training samples. At the same time, OzDES has spectroscopically confirmed almost 100 SNe. This work also marks the first OzDES data release (OzDES-DR1), which sees the release of 14,693 redshifts (we note that the SN host redshifts will be released in a future DES analysis).
We examined the requirements for obtaining a redshift in the OzDES data. For nearly all target types (excepting only emission line galaxies), we obtain a redshift for 50% of sources that have a signal-to-noise of 2 to 3 in bins of 1Å in the red part of the spectrum (observer frame 6,500-8,500Å).
We also examined the behaviour of the signal-to-noise ratio with exposure time, finding that the change in the signal-tonoise ratio with exposure time closely matches the Poisson limit for exposures as long as 10 hours, which is a measure of how well we control systematic errors in the data processing. However, for longer exposures, the signal-to-noise starts to depart from the Poisson limit.
We use these results to estimate the redshift yields for the remainder of the OzDES survey or other similar future surveys. With the proviso that observing conditions will be similar to what we've experienced so far, we predict a final yield of 5,700 SN host redshifts. Table A1 . OzDES second year (Y2) observing log for DES SN fields (c.f. a Run numbering includes runs from 2dFLenS project, so is not necessarily contiguous. * Bright object backup programme for poor conditions, not counted toward final total. Table A2 . OzDES third year (Y3) observing log for DES SN fields (c.f. a Run numbering includes runs from 2dFLenS project, so is not necessarily contiguous. * Bright object backup programme for poor conditions, not counted toward final total.
